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Abstract
Objective
Omega-3 fatty acids, particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), likely prevent cardiovascular disease, however their mechanisms remain unclear.
Recently, the role of DNA damage in atherogenesis has been receiving considerable atten-
tion. Here, we investigated the effects of EPA and DHA on DNA damage in vascular endo-
thelial cells to clarify their antiatherogenic mechanisms.
Methods and results
We determined the effect of EPA and DHA on H2O2-induced DNA damage response in
human aortic endothelial cells. Immunofluorescence staining showed that γ-H2AX foci for-
mation, a prominent marker of DNA damage, was significantly reduced in the cells treated
with EPA and DHA (by 47% and 48%, respectively). H2O2-induced activation of ATM, a
major kinase orchestrating DNA damage response, was significantly reduced with EPA and
DHA treatment (by 31% and 33%, respectively). These results indicated EPA and DHA
attenuated DNA damage independently of the DNA damage response. Thus the effects of
EPA and DHA on a source of DNA damage were examined. EPA and DHA significantly
reduced intracellular reactive oxygen species under both basal condition and H2O2 stimula-
tion. In addition, the mRNA levels of antioxidant molecules, such as heme oxygenase-1,
thioredoxin reductase 1, ferritin light chain, ferritin heavy chain and manganese superoxide
dismutase, were significantly increased with EPA and DHA. Silencing nuclear factor ery-
throid 2-related factor 2 (NRF2) remarkably abrogated the increases in mRNA levels of anti-
oxidant molecules and the decrease in intracellular reactive oxygen species. Furthermore,
EPA and DHA significantly reduced H2O2-induced senescence-associated β-galactosidase
activity in the cells (by 31% and 22%, respectively), which was revoked by NRF2 silencing.
Conclusions
Our results suggested that EPA and DHA attenuate oxidative stress-induced DNA damage
in vascular endothelial cells through upregulation of NRF2-mediated antioxidant response.
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Therefore omega-3 fatty acids likely help prevent cardiovascular disease, at least in part, by
their genome protective properties.
Introduction
Since the epidemiological study of Greenland Eskimos in the 1970s revealed the correlation
between the high intake of omega-3 polyunsaturated fatty acids (n-3 PUFAs) and the low inci-
dence of cardiovascular disease (CVD), the broad range of beneficial properties of n-3 PUFAs
have been reported, such as anti-atherogenic, anti-thrombogenic and blood pressure-lowering
effects [1, 2]. Thus, it is recommended to take n-3 PUFAs, particularly eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), as a prescribed drugs or supplements, or consume
oily fish, which is rich in n-3 PUFAs, to prevent CVD or to treat hypertriglyceridemia [3–6].
EPA and DHA are described not only to decrease plasma triglyceride levels but also to have
anti-inflammatory effects and to improve endothelial function, all of which mediate anti-ath-
erogenic effects [7–10]. The anti-inflammatory mechanisms of n-3 PUFAs have been getting
clarified in some degree. For instance, n-3 PUFA-derived lipid mediators have been recently
described, namely resolvins, protectins and maresins, which function in the resolution of
inflammation [11]. Also, G-protein-coupled receptor 120 has been newly identified as an n-3
PUFA receptor, which potently mediates anti-inflammatory and insulin-sensitizing effects in
monocytes/macrophage and adipocytes [12]. However, the mechanisms by which n-3 PUFAs
modulate endothelial function are yet to be elucidated.
Recently the roles of DNA damage and the DNA damage response in atherosclerosis have
been receiving considerable attention. This was first recognized in patients with progeroid syn-
dromes, such as Werner syndrome and Hutchinson-Gilford syndrome, presenting the early
onset of atherosclerosis [13]. The former syndrome is caused by mutations in genes encoding
a DNA repair protein, whereas DNA damage is accumulated as a result of defects in nuclear
envelope in the latter. These facts suggest a strong link between DNA damage and atheroscle-
rosis. We and other investigators have previously reported the accumulation of DNA damage
in human atherosclerotic lesions [14, 15]. The evidence indicates that DNA damage is involved
in the development of atherosclerotic plaques. Numerous agents may cause DNA damage, but
reactive oxygen species (ROS) are the most frequent cause [16]. Thus reducing ROS-induced
DNA damage may be crucial for prevention of atherosclerosis and related CVDs. In this study,
we investigated effects of EPA and DHA on chromosomal DNA integrity in human vascular
endothelial cells to further identify their anti-atherogenic properties and possible molecular
pathways involved.
Materials and methods
Reagents
EPA and DHA were purchased from SIGMA-ALDRICH (St. Louis, MO). Fatty-acid free BSA
was purchased from Calbiochem (La Jolla, CA). Endothelial Cell Basal Medium (EBM)-2 was
purchased from Lonza (Walkersville, MD). Antibody suppliers were following; anti-histone
H2AX (phospho Ser139) (γ-H2AX), Millipore (Billerica, MA); anti-ATM, Santa Cruz Biotech-
nology (Santa Cruz, CA); anti-ATM (phospho S1981) and anti-DNA-PKcs (phospho S2056),
Abcam (cambridge, UK); anti-catalase, Calbiochem; anti-DNA-PKcs (LAB VISION Co., Fre-
mont, CA). Chloromethyl-2’,7’-dichlorofluorescein deacetate (CM-H2DCFDA) was purchased
from Invitrogen (Eugene, OR).
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Cell culture
Human aortic endothelial cells (HAECs) were purchased from KURABO (Osaka, Japan), and
cultured according to the previously described method [14]. Cells at passage 5 to 10 were used.
Fatty acid treatment
EPA and DHA stock solutions were prepared by dissolving each reagent in ethanol to obtain
the concentration of 100 mM. To conjugate each reagents to BSA, the stock solutions were
diluted 1000 fold with a growth medium containing 1% fatty-acid free BSA and incubated at
37˚C for 30 min.
Detection of DNA double-strand breaks
The cells were exposed to H2O2 (100 μM) for 15 min and incubated in fresh media for 30 min
or 24 h to allow DNA damage to be repaired. DNA double-strand breaks were detected by
immunofluorescent analysis using anti-γ-H2AX antibody as previously described [14]. Briefly,
cells were fixed with 4% paraformaldehyde and permeabilized with Triton X-100. The cells
were incubated with anti-γ-H2AX for 30 min at 37˚C and then with Cy3-conjugated second-
ary antibody for 30 min at 37˚C. Nuclei were stained with DAPI. Samples were observed
under an Axioplan2 microscope (Zeiss, Thornwood, NY). To calculate the γ-H2AX foci num-
ber per cell, γ-H2AX foci in at least 100 cells were counted.
Western blotting
Western blotting was performed as previously reported [17].
RNA preparation and real-time RT-PCR analysis
Total RNA was isolated from cells using TRIzol (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol, except using Ethachinmate (NIPPON GENE, Toyama, Japan) to
improve RNA precipitation. RNA (2.0 μg) was reverse-transcribed into cDNA with random
primer using ReverTra Ace (TOYOBO) as described in the manufacturer’s protocol. Real-time
RT-PCR analysis was performed using CFX96 real-time PCR system (Bio-Rad Laboratories,
Hercules, CA) and THUNDERBIRD SYBR qPCR Mix (TOYOBO) to detect levels of the
mRNAs for heme oxigenase 1 (HO-1), NADPH dehydrogenase quinone 1(NQO1), ferritin
heavy chain (FTH), ferritin light chain (FTL), thioredoxin reductase 1 (TXNRD1), superoxide
dismutase 2 (SOD2), catalase, peroxiredoxin 5 (PRDX5), nuclear factor erythroid derived 2
(NRF2), interleukin 6 (IL-6), monocyte chemoattractant molecule 1 (MCP-1), 18s ribosomal
RNA. The sequences of primes used in this study were described in S1 Table.
Detection of intracellular ROS
Intracellular ROS was measured by chloromethyl-2’,7’-dichlorofluorescein diacetate
(CM-H2DCFDA) staining. Cells were rinsed twice with Hank’s balanced salt solution (HBSS)
prior to adding CM-H2DCFDA (10 μM), and then incubated with the reagent for 30 min
in dark at room temperature. During the incubation the cells were stimulated with H2O2
(100 μM) for 30 min, and then washed with cold HBSS. The fluorescence was detected using a
fluorescence plate reader ARVO X3 (PerkinElmer, Waltham, MA) with excitation of 488 nm
and emission of 530 nm.
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NRF2 and FOXO1 silencing
Cells were transfected with small interfering RNA (siRNA) against human NRF2 (Hs_NFE2L2_7
or 9, QIAGEN, Valencia, CA) and/or human FOXO1 (Hs_FOXO1A_4, QIAGEN), or negative
control cocktail (siTrio Negative Control, B-Bridge International, Mountain View, CA) using
DharmaFECT1 (Dharmacon Research, Lafayette, CO) according to the manufacturer’s protocol.
H2O2-induced cell senescence
Cells were exposed to H2O2 (100 μM) for 1 h and then incubated for 5 days with medium
being refreshed every other day. Cell senescence was detected by senescence-associated β-
galactosidase (SA-β-gal) staining using a senescence cells staining kit (SIGMA-ALDRICH)
according to the protocol specified by the manufacturer. To calculate the percentage of SA-β-
gal positive cell, at least 500 cells were counted for each sample. Bright-field and fluorescent
images were captured using a fluorescence microscope BZ-X700 (KEYENCE Co., Osaka,
Japan). Average fluorescent intensity of each sample was analyzed.
Statistical analysis
Data are expressed as mean ± SEM. Student’s t-test and Wilcoxon signed-rank test were used
to determine statistical differences between the two groups. Statistical significance was estab-
lished at a P value less than 0.05.
Results
EPA and DHA attenuate H2O2-induced DNA double-strand breaks in
HAECs
We first examined whether EPA and DHA effect on H2O2-induced DNA damage in HAECs.
Among various types of DNA damage, the most severe and difficult to repair is DNA double-
strand breaks (DSBs) [18]. Thus we detected the phosphorylated form of the histone variant
H2AX at serine 139 (γ-H2AX), which is the most prominent marker of DSBs [19]. Treatment
with EPA and DHA significantly reduced γ-H2AX foci formation at 30 min (by 29.2% and
27.0%, respectively) and 24 h after H2O2 exposure (by 47.5% and 48.4%, respectively). At 24 h
after H2O2-exposure, γ-H2AX foci formation of the cells treated with n-3 PUFAs was suppressed
almost to the basal level while that of control remained increased by 76.4% (Fig 1A and 1B). We
speculated that the decrease of DSBs by n-3 PUFA treatment was result of activating the DNA
damage response, thereby DSBs being repaired. To test this, we examined the H2O2-induced
activation of ATM, the major transducer of the DNA damage response [20]. Against our specu-
lation, western blotting analysis showed that EPA (30 and 100 μM) and DHA (100 μM) signifi-
cantly reduced phosphorylation of ATM (by 32.0%, 30.5% and 32.6%, respectively) (Fig 1C).
We observed similar result for H2O2-induced activation of DNA-dependent protein kinase, an
enzyme required for non-homologous end joining pathway of DNA repair (S1 Fig).
EPA and DHA reduce intracellular oxidative stress in HAECs via
upregulation of antioxidant molecules
Since the decrease of H2O2-induced DSBs by n-3 PUFA treatment was not mediated through
activation of DNA damage response, genome protective properties of n-3 PUFAs were further
elucidated. Oxidative stress is a major source of DNA damage, thus we examined their
effects on intracellular ROS in HAECs. Both EPA and DHA (100 μM) significantly reduced
intracellular ROS under the basal condition (by 9.4% and 17.1%, respectively) and H2O2
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stimulation (by 14.1% and 16.4%, respectively) (Fig 2A). We also examined mRNA levels of
various anti-oxidative molecules. Treatment with EPA dose-dependently increased the levels
of the mRNAs for HO-1, FTH, FTL, TXNRD1, and SOD2. Likewise, DHA (100 μM) signifi-
cantly increased these molecules (Fig 2B). EPA and DHA did not affect the levels of the
mRNAs for NQO1, catalase, PRDX5.
NRF2 silencing abrogates the n-3 PUFA-induced increases of
antioxidant molecules
HO-1, FTH, FTL and TXNRD1 are all known to be regulated by the transcription factor
nuclear factor erythroid 2-related factor 2 (NRF2), which is the master mediator of oxidative
Fig 1. n-3 PUFAs attenuate H2O2-induced DNA damage and DNA damage response in HAECs. (A) Immunofluorescent staining of γ-H2AX
(red) in HAECs. Cells were treated with EPA or DHA (100 μM) for 48 h prior to incubation with H2O2 (100 μM) for 15 min, and then changed to
normal medium and incubated for 30 min or 24 h as a recovery period. Representative images of γ-H2AX foci are shown. Scale bar = 20 μm (B)
Quantitation of γ-H2AX foci. γ-H2AX foci number was divided by the total cell number, which was expressed as γ-H2AX foci/cell. *P<0.05
compared with corresponding control (n = 4). (C) Western blot analysis of phosphorylated ATM (S1981). Cells were incubated with H2O2
(100 μM) for 1 h after 48 h treatment with EPA (indicated doses) or DHA (100 μM). Whole cell lysates were analyzed by immunoblotting. *P<0.05
compared with H2O2(+) control (n = 6).
https://doi.org/10.1371/journal.pone.0187934.g001
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stress pathways [21]. Thus we examined whether the elevated levels of these antioxidant mole-
cules by EPA and DHA were dependent on NRF2. HAECs were transfected either with two
siRNA variants against NRF2 (siNRF2-1 or siNRF2-2) or negative control siRNA (siNC).
Transfection with NRF2 siRNAs almost completely abrogated the levels of the mRNAs for
HO-1, TXNRD1, FTL and FTH induced by EPA and DHA (Fig 3B).
SOD2 is one of the target genes of the forkhead box O (FOXO) family transcription factors
[22]. So we silenced FOXO1 in HAECs to examine whether the n-3 PUFA-induced increase of
SOD2 mRNA level was FOXO dependent. As we expected, FOXO1 knockdown abolished the
n-3 PUFA-induced increase of SOD2 mRNA level. Interestingly, NRF2 knockdown alone also
abrogated it, and furthermore, double knockdown of NRF2 and FOXO1 enhanced this effect
(Fig 3C). This effect was only seen in SOD2 expression but not in the NRF2 target genes men-
tioned above (S2 Fig).
Fig 2. n-3 PUFAs reduce intracellular reactive oxygen species. (A) Intracellular ROS was detected by CM-H2DCFDA fluorescence in
HAECs. Cells were incubated with H2O2 (100 μM) for 30 min after 24 h treatment with EPA (indicated doses) or DHA (100 μM). Representative
images are shown in the left panels. Scale bar = 40 μm. Quantification of CM-H2DCFDA fluorescence is shown in the right panel. †P<0.05
compared with no n-3 PUFA/basal; *P<0.05 compared with no n-3 PUFA/H2O2 (n = 7). (B) Cells were treated with EPA (indicated doses) or
DHA (100 μM) for 36 h. Total RNA was extracted and subjected to real-time RT-PCR analysis to quantitate the relative mRNA expression of
antioxidant molecules. *P<0.05 compared with control (n = 9).
https://doi.org/10.1371/journal.pone.0187934.g002
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We also examined the effect of NRF2 silencing on the reduction of intracellular ROS by n-3
PUFAs. Intracellular ROS was increased with H2O2, and reduced by EPA treatment, which
was cancelled by RNA interference against NRF2 (Fig 3D).
Additionally, we tested the effect of EPA on H2O2-induced gene expression associated with
inflammation. mRNA levels of IL-6 and MCP-1 elevated by H2O2 stimulation were decreased
Fig 3. NRF2 silencing abrogates the antioxidative effects of n-3 PUFAs. (A) Real-time RT-PCR analysis of NRF2
in HAECs after 36 h treatment with EPA (indicated doses) or DHA (100 μM). *P<0.05 compared with control (n = 7).
(B) Cells transfected with siRNA against NRF2 (siNRF2-1 or siNRF2-2) and/or FOXO1, or negative control siRNA
(siNC) were treated with EPA or DHA for 36 h. The mRNA expression of antioxidant molecules was quantified as
described in (A). * P<0.05 compared with no n-3 PUFA (n = 5). (C) Cells were treated with EPA or DHA (100 μM) for
36 h. †P<0.05, ††P<0.01 compared with corresponding control; ‡P<0.05 compared with siNRF2 (n = 4). (D)
Intracellular ROS was assessed by CM-H2DCFDA staining in NRF2-silenced HAECs. Quantification of CM-H2DCFDA
fluorescence is shown in the left panel. *P<0.05 compared with indicated controls (n = 5). Representative images are
shown in the right panels. Scale bar = 40 μm.
https://doi.org/10.1371/journal.pone.0187934.g003
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with EPA treatment (Panel A in S3 Fig). Furthermore, this effect of EPA was cancelled by
NRF2 silencing (Panel B in S3 Fig).
NRF2 silencing cancels the anti-senescent effects of n-3 PUFAs
One of the consequences of persistent DNA damage is cellular senescence [23]. Thus we exam-
ined the effect of EPA and DHA on H2O2-induced senescence in HAECs. As Fig 4A shows,
EPA and DHA (100 μM) significantly reduced H2O2-induced SA-β-gal activity, a senescent
marker (by 31% and 22%, respectively). Furthermore, this effect was revoked by NRF2 silenc-
ing (Fig 4B).
Discussion
Accumulating evidence suggests that DNA damage plays a pivotal role in the development
of atherosclerosis [24, 25]. Although n-3 PUFAs likely possess heterogeneous properties
Fig 4. n-3 PUFAs reduce senescence-associated β-galactosidase activity. (A) Cells were treated with EPA (30 and 100 μM) or DHA
(100 μM) for 36 h, and then subjected to SA-β-gal staining at 5 days following 1 h exposure to H2O2 (100 μM). (B) Quantification of relative SA-
β-gal positive cells. *P<0.05, **P<0.01 compared with no n-3 PUFA (n = 6). (C) SA-β-gal activity in cells transfected with siRNAs against
NRF2 was assessed as described in (A). ††P<0.01 compared with corresponding control (n = 6).
https://doi.org/10.1371/journal.pone.0187934.g004
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beneficial to cardiovascular health, the effect of EPA and DHA on genome integrity in the con-
text of atherosclerosis has been remained unknown [26]. One of the major findings of this
study is that EPA and DHA diminished ROS-induced DNA damage in human aortic endothe-
lial cells. H2O2-induced γ-H2AX foci formation was decreased by both EPA and DHA, which
indicated that these n-3 PUFAs diminished DSBs, the most severe type of DNA damage. The
decrease in DSBs by n-3 PUFAs was detected as early as 30 minutes after exposure of H2O2.
H2O2-induced activation of ATM and DNA-PKcs, the key molecules that initiate DNA dam-
age response, was also reduced by n-3 PUFA treatment. Additionally, the level of intracellular
ROS was reduced by the treatment of EPA or DHA. These data suggest that the genome pro-
tective effects of these n-3 PUFAs were mediated by reducing inducers of DNA damage, ROS
in this study, rather than promoting the DNA repair system.
ROS are constantly produced as by-products of normal cellular metabolism or from expo-
sure to stimuli, such as ionizing radiation and chemicals. Reacting with DNA, ROS can cause
various DNA lesions including abasic sites, oxidized bases, single-strand breaks and DSBs.
Cells produce multiple ROS scavengers to defend themselves against such oxidative threats
[21, 27]. We observed the increased mRNA levels of antioxidant molecules by n-3 PUFAs.
HO-1 degrades heme and generates biliverdin, carbon oxide and iron. Biliverdin is converted
to bilirubin by biliverdin reductase, and both of these bile pigments efficiently scavenge per-
oxyl radicals [28, 29]. Our data also showed that n-3 PUFAs increased the levels of the mRNAs
for FTH and FTL, which are components of ferritin complex. FTH has a ferroxidase activity
that converts Fe(II) into Fe(III), whereas FTL sequestrates Fe(II), together eliminates Fenton
reaction, which produces highly reactive hydroxyl radicals using Fe(II) [30]. TXNRD1 reduces,
and thereby, regenerates thioredoxin, a potent anti-oxidant molecule, using NADPH [31].
These data indicate that n-3 PUFAs induce the expression of these antioxidants, reduce ROS,
and as a result, diminish DNA damage of the cell.
Our data demonstrated n-3 PUFAs increased the level of the mRNA for NRF2, a master
transcriptional regulator of response to ROS. Additionally, knockdown of NRF2markedly
blunted the n-3 PUFA-induced increases of HO-1, TXNRD1, FTH, and FTL mRNAs. Com-
patible with these data, EPA reduced intracellular ROS and this effect was also cancelled by
NRF2 silencing. Kusunoki et al. reported that n-3 PUFAs induce antioxidant response by
mediating Nrf2/HO-1 pathway in 3T3 adipocytes, and in later study, 4-hydroxy hexenal, a
derivative of DHA, improves human endothelial function via NRF2 activation [32, 33]. Our
data are consistent with them in which EPA and DHA did not affect the mRNA expression of
catalase and glutathione peroxidase. In their study neither EPA nor DHA affected the mRNA
expression of NRF2 and SOD2, but we observed the increased mRNA expression of these mol-
ecules (Figs 2B and 3A). This may be due to difference in cells, that is, they used endothelial
cells originated in umbilical vein, ours in aorta. n-3 PUFA-induced antioxidant responses are
slightly different depending on the cells. Gao et al. have reported n-3 PUFA oxidation products
dissociate the binding of Kelch-like ECH-associated protein 1 (Keap1) to NRF2, stabilize, and
thereby activating NRF2-mediated antioxidant response [34]. It is likely that both transcrip-
tional regulation and Keap1-regulated stabilization of NRF2 are involved in n-3 PUFA-
induced expression of these antioxidants. Our data demonstrated that several antioxidants
other than HO-1 are upregulated by n-3 PUFAs for the first time.
Our data also showed that the level of the mRNA for SOD2, a mitochondrial manganese
SOD, was significantly increased by EPA and DHA. Unlike other antioxidants we evaluated,
the n-3 PUFA-induced expression of SOD2 mRNA was abrogated by NRF2 silencing only
modestly, and also significantly abrogated by FOXO1 silencing. In addition, a combination of
the two silencing had a slightly but significantly additive effect. FOXOs are highly conserved
transcription factors which regulate various cellular stress responses including metabolic stress
Omega-3 PUFAs prevent DNA damage in endothelial cells
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and oxidative stress [35]. Collectively, these results suggest that NRF2 and FOXO1 may have
cooperatively regulated the SOD2 mRNA level induced by n-3 PUFA. Interestingly, NRF2
silencing drastically abrogated n-3 PUFA-induced mRNA levels of HO-1, TXNRD1, FTH and
FTL, yet we observed slight increases of these genes by EPA and DHA (Fig 3B). Although we
could not find significant effects of FOXO1 silencing on n-3 PUFA-induced expression of
these NRF2-regulated antioxidants, it is possible that transcriptional factors other than NRF2,
such as another FOXO family members, may also be involved. Further studies are necessary to
clarify the transcriptional mechanisms for n-3 PUFA-induced expression of antioxidants.
Sustained DNA damage results in cellular senescence, apoptosis and inflammation. Lee
et al. recently reported that EPA had protective effects on H2O2-induced cell death [36]. The
present study demonstrated that n-3 PUFAs attenuate oxidative stress-induced inflammatory
gene expression (S3 Fig) and senescence (Fig 4) in a NRF2-dependent manner. Interestingly,
prospective cohort study by Farzaneh-Far et al. demonstrated inverse relationship between
blood levels of marine n-3 PUFAs at baseline and the rate of telomere shortening over 5 years
in patients with coronary artery disease [37]. ROS specifically target a certain sequence in telo-
mere and causes telomeric attrition, a sort of DNA damage. n-3 PUFAs may decelerate cell
senescence partly by inhibiting ROS-induced telomere attrition. In addition, using transgenic
mice, Gray et al. demonstrated that ineffective DSB repair modifies plaque phenotype and may
contribute to vulnerable plaques [38]. Taking these into account, n-3 PUFAs may prevent ath-
erosclerotic plaque progression and promote plaque stability partly by inhibiting DNA damage
and subsequent cell senescence.
The difference in the cardiovascular benefits of EPA and DHA has been remained unclear.
Recent clinical studies suggest that EPA, but not DHA, seems to efficiently improve lipid pro-
files and reduce inflammatory biomarkers in patients with CVD risk factors [39, 40]. In addi-
tion, a clinical study conducted by Iwamatsu et al. suggests that EPA may be more beneficial
than DHA for preventing acute coronary disease in patients with coronary artery disease [41].
Since EPA, compared to DHA, seems to provide more benefits on CVD, we put more focus on
the effect of EPA in this study. Our data showed, at least in HAECs, that EPA and DHA seem
to have similar roles for genome protection such as attenuation of H2O2-induced DNA dam-
age and upregulation of the mRNA expression of antioxidant molecules via NRF2.
In conclusion, our findings indicate that n-3 PUFAs attenuate oxidative DNA damage and
subsequent cell senescence, at least in part, through upregulation of NRF2-mediated antioxi-
dant response. Therefore mitigating DNA damage may be a possible mechanism by which n-3
PUFAs exert cardioprotective effects. Although it is necessary to further elucidate the detailed
molecular action of n-3 PUFAs on cardiovascular health, our findings support n-3 PUFAs as
potential therapeutic agents against CVD.
Supporting information
S1 Fig. Effect of n-3 PUFAs on H2O2-induced DNA-PKcs activation. Cells were treated with
H2O2 (100 μM) for 1 h after treatment with EPA or DHA (indicated doses) for 48 h. Whole
cell lysates were subjected to western blot analysis of phosphorylated DNA-PKcs (S2056).
(SVG)
S2 Fig. FOXO1 silencing does not affect n-3 PUFA-induced expression of antioxidant mol-
ecules in HAECs. Cells were transfected with siRNA against NRF2 and/or FOXO1, or negative
control siRNA (siNC) and then treated with EPA or DHA (100 μM) for 36 h. Relative mRNA
expression of HO-1, TXNRD1,FTL, FTH to 18s ribosomal RNA was quantitated using real-
time RT-PCR (n = 8).
(SVG)
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S3 Fig. Effect of NRF2 silencing on H2O2-induced inflammatory gene expression. (A) Cells
treated with or without EPA (100 μM) for 36 h were exposed to H2O2 (100 μM) for 1 h. Total
RNA was extracted and subjected to real-time RT-PCR analysis to assess the mRNA levels of
IL-6 and MCP-1. (B) Cells were transfected either with negative control siRNA (siNC) or
siRNA against NRF2 and then treated with EPA (100 μM) for 36 h. All samples were exposed
to H2O2 (100 μM) for 1 h. Data were analyzed by Student’s t-test. P<0.05 and P<0.01
(n = 4 for each).
(SVG)
S1 Table. Sequences of the primers used in the real-time RT-PCR analysis.
(DOCX)
Acknowledgments
This work was partly carried out at the Analysis Center of Life Science, Natural Science Center
for Basic Research and Development and the Joint Usage/Research Center (RIRBM), Hiro-
shima University. The authors thank Yoshihiro Ogawa (Kyushu University and Tokyo Medi-
cal and Dental University) for valuable advice.
Author Contributions
Conceptualization: Mari Ishida, Takafumi Ishida.
Formal analysis: Mari Ishida.
Funding acquisition: Mari Ishida, Takafumi Ishida.
Investigation: Chiemi Sakai, Hideo Ohba, Hiromitsu Yamashita, Hitomi Uchida.
Methodology: Mari Ishida.
Project administration: Masao Yoshizumi.
Supervision: Mari Ishida, Takafumi Ishida.
Visualization: Chiemi Sakai.
Writing – original draft: Chiemi Sakai.
Writing – review & editing: Mari Ishida, Takafumi Ishida.
References
1. Dyerberg J, Bang HO. Lipid metabolism, atherogenesis, and haemostasis in Eskimos: the role of the
prostaglandin-3 family. Haemostasis. 1979; 8(3–5):227–33. Epub 1979/01/01. PMID: 511010.
2. Dyerberg J, Bang HO. Haemostatic function and platelet polyunsaturated fatty acids in Eskimos. Lan-
cet. 1979; 2(8140):433–5. Epub 1979/09/01. PMID: 89498.
3. Smith SC Jr., Benjamin EJ, Bonow RO, Braun LT, Creager MA, Franklin BA, et al. AHA/ACCF Second-
ary Prevention and Risk Reduction Therapy for Patients with Coronary and other Atherosclerotic Vascu-
lar Disease: 2011 update: a guideline from the American Heart Association and American College of
Cardiology Foundation. Circulation. 2011; 124(22):2458–73. https://doi.org/10.1161/CIR.
0b013e318235eb4d PMID: 22052934.
4. Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Miller NH, Hubbard VS, et al. 2013 AHA/ACC Guideline on
Lifestyle Management to Reduce Cardiovascular Risk. Circulation. 2014; 129(25 suppl 2):S76–S99.
https://doi.org/10.1161/01.cir.0000437740.48606.d1 PMID: 24222015
5. European Association for Cardiovascular P, Rehabilitation, Reiner Z, Catapano AL, De Backer G, Gra-
ham I, et al. ESC/EAS Guidelines for the management of dyslipidaemias: the Task Force for the man-
agement of dyslipidaemias of the European Society of Cardiology (ESC) and the European
Omega-3 PUFAs prevent DNA damage in endothelial cells
PLOS ONE | https://doi.org/10.1371/journal.pone.0187934 November 9, 2017 11 / 13
Atherosclerosis Society (EAS). Eur Heart J. 2011; 32(14):1769–818. https://doi.org/10.1093/eurheartj/
ehr158 PMID: 21712404.
6. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, et al. 2016 European Guidelines
on cardiovascular disease prevention in clinical practice: The Sixth Joint Task Force of the European
Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice
(constituted by representatives of 10 societies and by invited experts)Developed with the special contri-
bution of the European Association for Cardiovascular Prevention & Rehabilitation (EACPR). Eur Heart
J. 2016; 37(29):2315–81. https://doi.org/10.1093/eurheartj/ehw106 PMID: 27222591.
7. Mozaffarian D, Wu JH. Omega-3 fatty acids and cardiovascular disease: effects on risk factors, molecu-
lar pathways, and clinical events. J Am Coll Cardiol. 2011; 58(20):2047–67. Epub 2011/11/05. https://
doi.org/10.1016/j.jacc.2011.06.063 PMID: 22051327.
8. Wu SY, Mayneris-Perxachs J, Lovegrove JA, Todd S, Yaqoob P. Fish-oil supplementation alters num-
bers of circulating endothelial progenitor cells and microparticles independently of eNOS genotype. The
American journal of clinical nutrition. 2014; 100(5):1232–43. Epub 2014/10/22. https://doi.org/10.3945/
ajcn.114.088880 PMID: 25332321.
9. London B, Albert C, Anderson ME, Giles WR, Van Wagoner DR, Balk E, et al. Omega-3 fatty acids and
cardiac arrhythmias: prior studies and recommendations for future research: a report from the National
Heart, Lung, and Blood Institute and Office Of Dietary Supplements Omega-3 Fatty Acids and their
Role in Cardiac Arrhythmogenesis Workshop. Circulation. 2007; 116(10):e320–35. Epub 2007/09/05.
https://doi.org/10.1161/CIRCULATIONAHA.107.712984 PMID: 17768297.
10. Bonaa KH, Bjerve KS, Straume B, Gram IT, Thelle D. Effect of eicosapentaenoic and docosahexaenoic
acids on blood pressure in hypertension. A population-based intervention trial from the Tromso study.
The New England journal of medicine. 1990; 322(12):795–801. Epub 1990/03/22. https://doi.org/10.
1056/NEJM199003223221202 PMID: 2137901.
11. Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-inflammatory and pro-resolution
lipid mediators. Nature reviews Immunology. 2008; 8(5):349–61. https://doi.org/10.1038/nri2294 PMID:
18437155.
12. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is an omega-3 fatty acid
receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cell. 2010; 142(5):687–98.
Epub 2010/09/04. https://doi.org/10.1016/j.cell.2010.07.041 PMID: 20813258.
13. Ding SL, Shen CY. Model of human aging: recent findings on Werner’s and Hutchinson-Gilford progeria
syndromes. Clin Interv Aging. 2008; 3(3):431–44. Epub 2008/11/06. PMID: 18982914.
14. Ishida M, Ishida T, Tashiro S, Uchida H, Sakai C, Hironobe N, et al. Smoking cessation reverses DNA
double-strand breaks in human mononuclear cells. PLoS One. 2014; 9(8):e103993. https://doi.org/10.
1371/journal.pone.0103993 PMID: 25093845.
15. Mahmoudi M, Gorenne I, Mercer J, Figg N, Littlewood T, Bennett M. Statins use a novel Nijmegen
breakage syndrome-1-dependent pathway to accelerate DNA repair in vascular smooth muscle cells.
Circ Res. 2008; 103(7):717–25. Epub 2008/08/30. https://doi.org/10.1161/CIRCRESAHA.108.182899
PMID: 18723444.
16. De Bont R, van Larebeke N. Endogenous DNA damage in humans: a review of quantitative data. Muta-
genesis. 2004; 19(3):169–85. https://doi.org/10.1093/mutage/geh025 PMID: 15123782
17. Ishida M, Ishida T, Thomas SM, Berk BC. Activation of extracellular signal-regulated kinases (ERK1/2)
by angiotensin II is dependent on c-Src in vascular smooth muscle cells. Circ Res. 1998; 82(1):7–12.
PMID: 9440699.
18. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature. 2009; 461
(7267):1071–8. Epub 2009/10/23. https://doi.org/10.1038/nature08467 PMID: 19847258.
19. Rothkamm K, Barnard S, Moquet J, Ellender M, Rana Z, Burdak-Rothkamm S. DNA damage foci:
Meaning and significance. Environ Mol Mutagen. 2015; 56(6):491–504. https://doi.org/10.1002/em.
21944 PMID: 25773265.
20. Shiloh Y. ATM: Expanding roles as a chief guardian of genome stability. Experimental Cell Research.
2014; 329(1):154–61. http://dx.doi.org/10.1016/j.yexcr.2014.09.002. PMID: 25218947
21. Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an anticancer strategy. Nat Rev Drug
Discov. 2013; 12(12):931–47. https://doi.org/10.1038/nrd4002 PMID: 24287781.
22. van der Horst A, Burgering BM. Stressing the role of FoxO proteins in lifespan and disease. Nat Rev
Mol Cell Biol. 2007; 8(6):440–50. Epub 2007/05/25. https://doi.org/10.1038/nrm2190 PMID: 17522590.
23. d’Adda di Fagagna F. Living on a break: cellular senescence as a DNA-damage response. Nature reviews
Cancer. 2008; 8(7):512–22. Epub 2008/06/25. https://doi.org/10.1038/nrc2440 PMID: 18574463.
24. Ishida T, Ishida M, Tashiro S, Yoshizumi M, Kihara Y. Role of DNA damage in cardiovascular disease.
Circ J. 2014; 78(1):42–50. Epub 2013/12/18. PMID: 24334614.
Omega-3 PUFAs prevent DNA damage in endothelial cells
PLOS ONE | https://doi.org/10.1371/journal.pone.0187934 November 9, 2017 12 / 13
25. Gray K, Bennett M. Role of DNA damage in atherosclerosis—bystander or participant? Biochem Phar-
macol. 2011; 82(7):693–700. Epub 2011/07/06. https://doi.org/10.1016/j.bcp.2011.06.025 PMID:
21726542.
26. De Caterina R. n–3 Fatty Acids in Cardiovascular Disease. New England Journal of Medicine. 2011;
364(25):2439–50. https://doi.org/10.1056/NEJMra1008153 PMID: 21696310.
27. Slupphaug G, Kavli B, Krokan HE. The interacting pathways for prevention and repair of oxidative DNA
damage. Mutat Res. 2003; 531(1–2):231–51. Epub 2003/11/26. PMID: 14637258.
28. Stocker R, Yamamoto Y, McDonagh A, Glazer A, Ames B. Bilirubin is an antioxidant of possible physio-
logical importance. Science (New York, NY). 1987; 235(4792):1043–6. https://doi.org/10.1126/science.
3029864
29. Otterbein LE, Foresti R, Motterlini R. Heme Oxygenase-1 and Carbon Monoxide in the Heart: The Bal-
ancing Act Between Danger Signaling and Pro-Survival. Circ Res. 2016; 118(12):1940–59. https://doi.
org/10.1161/CIRCRESAHA.116.306588 PMID: 27283533.
30. Orino K, Watanabe K. Molecular, physiological and clinical aspects of the iron storage protein ferritin.
The Veterinary Journal. 2008; 178(2):191–201. https://doi.org/10.1016/j.tvjl.2007.07.006. PMID:
17764995
31. Arne´r ESJ, Holmgren A. Physiological functions of thioredoxin and thioredoxin reductase. European
Journal of Biochemistry. 2000; 267(20):6102–9. https://doi.org/10.1046/j.1432-1327.2000.01701.x
PMID: 11012661
32. Kusunoki C, Yang L, Yoshizaki T, Nakagawa F, Ishikado A, Kondo M, et al. Omega-3 polyunsaturated
fatty acid has an anti-oxidant effect via the Nrf-2/HO-1 pathway in 3T3-L1 adipocytes. Biochem Biophys
Res Commun. 2013; 430(1):225–30. Epub 2012/11/08. https://doi.org/10.1016/j.bbrc.2012.10.115
PMID: 23131562.
33. Ishikado A, Morino K, Nishio Y, Nakagawa F, Mukose A, Sono Y, et al. 4-Hydroxy hexenal derived from
docosahexaenoic acid protects endothelial cells via Nrf2 activation. PLoS One. 2013; 8(7):e69415.
https://doi.org/10.1371/journal.pone.0069415 PMID: 23936010.
34. Gao L, Wang J, Sekhar KR, Yin H, Yared NF, Schneider SN, et al. Novel n-3 fatty acid oxidation prod-
ucts activate Nrf2 by destabilizing the association between Keap1 and Cullin3. J Biol Chem. 2007; 282
(4):2529–37. https://doi.org/10.1074/jbc.M607622200 PMID: 17127771.
35. Eijkelenboom A, Burgering BM. FOXOs: signalling integrators for homeostasis maintenance. Nat Rev
Mol Cell Biol. 2013; 14(2):83–97. Epub 2013/01/18. https://doi.org/10.1038/nrm3507 PMID: 23325358.
36. Lee SE, Kim G-D, Yang H, Son GW, Park HR, Cho J-J, et al. Effects of Eicosapentaenoic Acid on the
Cytoprotection Through Nrf2-Mediated Heme Oxygenase-1 in Human Endothelial Cells. Journal of Car-
diovascular Pharmacology. 2015; 66(1):108–17. https://doi.org/10.1097/FJC.0000000000000251
00005344-201507000-00014. PMID: 25815672
37. Farzaneh-Far R, Lin J, Epel ES, Harris WS, Blackburn EH, Whooley MA. Association of marine omega-
3 fatty acid levels with telomeric aging in patients with coronary heart disease. Jama. 2010; 303(3):250–
7. Epub 2010/01/21. https://doi.org/10.1001/jama.2009.2008 PMID: 20085953.
38. Gray K, Kumar S, Figg N, Harrison J, Baker L, Mercer J, et al. Effects of DNA damage in smooth muscle
cells in atherosclerosis. Circ Res. 2015; 116(5):816–26. Epub 2014/12/20. https://doi.org/10.1161/
CIRCRESAHA.116.304921 PMID: 25524056.
39. Bays HE, Braeckman RA, Ballantyne CM, Kastelein JJ, Otvos JD, Stirtan WG, et al. Icosapent ethyl, a
pure EPA omega-3 fatty acid: effects on lipoprotein particle concentration and size in patients with very
high triglyceride levels (the MARINE study). Journal of clinical lipidology. 2012; 6(6):565–72. Epub
2013/01/15. https://doi.org/10.1016/j.jacl.2012.07.001 PMID: 23312052.
40. Brinton EA, Ballantyne CM, Bays HE, Kastelein JJ, Braeckman RA, Soni PN. Effects of icosapent ethyl
on lipid and inflammatory parameters in patients with diabetes mellitus-2, residual elevated triglycerides
(200–500 mg/dL), and on statin therapy at LDL-C goal: the ANCHOR study. Cardiovascular diabetol-
ogy. 2013; 12:100. Epub 2013/07/10. https://doi.org/10.1186/1475-2840-12-100 PMID: 23835245.
41. Iwamatsu K, Abe S, Nishida H, Kageyama M, Nasuno T, Sakuma M, et al. Which has the stronger
impact on coronary artery disease, eicosapentaenoic acid or docosahexaenoic acid? Hypertens Res.
2016; 39(4):272–5. Epub 2016/01/08. https://doi.org/10.1038/hr.2015.143 PMID: 26739870.
Omega-3 PUFAs prevent DNA damage in endothelial cells
PLOS ONE | https://doi.org/10.1371/journal.pone.0187934 November 9, 2017 13 / 13
